The results show the dependence of the experimental and calculated frequencies in the IR-and Raman spectra from the molecular mass of the sulfur isotope. The effect of a sulfur isotope shifts on the change of thermodynamic parameters. The results obtained demonstrate that the quantum-chemical calculations are sensitive to the isotopic shifts in the vibrational spectra of sulfur isotopes and are able to assess changes in their thermodynamic properties.
Introduction
Natural sulfur consists of a mixture of stable isotopes with mass numbers 32, 33, 34 and 36, the relative contents of which are 95.04%, 0.75%, 4.20% and 0.015%, respectively [1] . Isotopes of sulfur are applied in biology [2] , geology [3] , geochemistry [4, 5] , ecology [6] [7] [8] , agrochemistry [9] , archeology [10] and medicine [11] . It is obvious that information regarding the spectral and thermodynamic properties of stable sulfur isotopes is important for both applied and scientific problems. Other groups [12] [13] [14] [15] have studied the vibration spectra of sulfur -nat S и -32 S at low temperatures in detail, and have studied the effect of temperature on the infrared spectra of natural and isotopically-pure sulfur 32 S 8 . These experiments were performed using a single crystal of sulfur. However, in applied research, researchers often use the polycrystalline powders of sulfur rather than single crystals of sulfur. Therefore, in this paper, the infrared spectra and Raman spectra of and isotopically-pure polycrystalline -32 S, -33 S and -34 S are presented. The experimental data are compared with theoretical calculations of the infrared and Raman spectra, obtained via the theory of functional density. In addition, this paper shows the relationship between the change in Gibbs free energy and the mass of an isotope of sulfur.
Experimental
The experimental work used isotopes of sulfur with an isotopic purity: S -99.9%. To obtain a chemically pure orthorhombic sulfur modification (α-S) the isotopes were subjected to triple distillation under vacuum with subsequent crystallization from carbon tetrachloride. Isotopes of sulfur obtained in this way have a chemical purity of more than 99.9%. The IR spectra of polycrystalline samples of α-S in KBr tablets in the range 400-500 cm -1 were obtained using the FT-IR spectrometer Nikolet 5700 at room temperature, with a resolution of 2cm Figure 1 shows the IR spectra, obtained for the polycrystalline samples of the α-32 S, α-33 S, α-34 S and α-nat S isotopes. According to a previous study [22] , the observed IR spectra absorption corresponds to The dependence of the experimental vibration frequencies from the atomic weight of sulfur isotope in the IR spectra has the next form: ω = 680 -6.7m (r=0.999). Here and below, r denotes the correlation coefficient. Figure 3 shows the Raman spectra obtained for polycrystalline samples of the isotopes of α-S. The spectra of isotopes involves all absorption bands which are typical for α-S. Figure 4 shows the experimental vibrational frequencies in the Raman spectra of the atomic mass of the α-S isotope. As can be seen from the figure, depending on the maximal provisions of the bands in the Raman spectra of sulfur, isotopes are a linear function of the atomic masses of the isotopes.
Results and discussion
The obtained linear dependence on the known frequencies of the α- S isotopes allows the determination of the oscillation frequency in the IR and Raman spectra of the sulfur isotope α-36 S, for which it is difficult to obtain the vibration spectra due to its high cost, which is associated with its low content in natural sulfur. The calculated vibration frequencies in the α-36 S isotope are shown in figure 1 .
It is well known that cyclo-octa-sulfur can form three crystalline allotropic modifications, the first of which, orthorhombic -S, is stable at room temperature [15] . The structure of this modified version was studied by X-ray analysis, and contains S8 as main structural elements, which are formed with each other as columns [16] . Figure 3 shows the model structure of -S used in quantum chemical calculations.
As the figure 5 shows, the resulting structure is not truly orthorhombic, because it is a solid S 8 ring coordinated by adjacent rings. However, the resulting structure has allowed the calculations of the Raman spectra to be performed for the isotopes of sulfur for the unit cell. A full optimization of geometrical parameters was also done.
The calculated length of the S-S bonds (2.09Å) in the S8 cluster was close to the experimental value obtained (2.06Å [15] ). Figure 1 S) values of the basis states in the 6-31G* and cc-PVTZ frequency in the Raman spectra. Data from figure 1 also show that, despite the small differences between the masses of the isotopes, the theoretical frequencies are in satisfactory agreement with the experimental data and almost completely describe the vibration spectra of sulfur isotopes. The data also indicates that the used calculation methods are sensitive to changes in the frequency spectra (a few cm -1 ), depending on the mass of the isotope.
From the correlation ratios (in figures 4 and 5) it is shown that a significant expansion of the basis for using the cc-PVTZ does not improve the agreement between the calculated and experimental frequencies. The smaller basis 6-31G(d) gives even better results: ω experimental =2.33+1.005 ω calculated r=0.999; sd=5.6; n=32 for basis 6-31G(d) (1) ω experimental =2.89+1.003 ω calculated r=0.999; sd=5.8; n=24 for basis cc-PVTZ (2) Here and below, sd signifies the standard deviation, and n indicates the number of connections. Similar correlations were obtained using the ratio of the program based on the ADF optimized by the B3LYP/6-31G(d) of the molecular structures ( Figure 9 ): ω experimental =14.7+0.979 ω calculated r=0.998; sd=7.9; n=24 for basis TZ2P+ (3) Although the calculations using the software packages GAUSSIAN and ADF use different functionals and basis states, in principle the quantitative relationships are close enough to each other and the experimental frequencies (relative error of the estimate of frequencies in the Raman spectra is about 3-4%). The resistance of sulfur clusters is determined by their thermodynamic parameters. It should be noted that the experimental formation enthalpy of the transition from S 2 to S 8 was virtually unchanged, while the entropy of formation varies considerably [18] . Table 1 The resulting thermodynamic characteristics obtained using the B3LYP/6-31G(d) calculation method cannot be directly compared with the enthalpy of formation and the Gibbs free energy. However, the effect of isotope shift in the change of thermodynamic parameters can be estimated. From the data presented in Table 2 a relationship between the change in Gibbs free energy and the mass of a sulfur (S 8 ) isotope was obtained:
M S = -1402 -2552 ΔG r = 0.991; sd = 0.3; n = 4 (1.0 % error) (6) A similar dependence is obtained using the change of formation enthalpy. In addition, the use of the values of zero-point energy (ZPE) ( It can be said that, along with the frequencies of the Raman spectrum, the thermodynamic parameters, in spite of small changes (no more than 0.3%), are quite sensitive to sulfur isotopic shift.
Conclusion
IR spectra and Raman spectra of the polycrystalline isotopes α-32 S, α-33 S and α-34 S were obtained. It was found that experimental frequencies of the vibrational spectra of the isotopes of sulfur decrease in a linear manner with an increasing mass of the isotope. From the experimental correlations, the oscillation frequencies for the isotope α-36 S were determined. The results obtained demonstrate that the quantum-chemical calculations are sensitive to the isotopic shifts in the vibrational spectra of sulfur isotopes and are able to assess changes in their thermodynamic properties.
